We report here the Agrobacterium-mediated genetic transformation of Nisqually-1, a Populus trichocarpa genotype whose genome was recently sequenced. Several systems were established. Internodal stem segments from vigorously growing greenhouse plants are the explants most amenable to transformation. For the most efficient system, approximately 40% of the stem segments infected with pBI121-containing Agrobacterium tumefaciens C58 produced transgenic calli, as confirmed by b-glucuronidase (GUS) staining. The regeneration efficiency of independent transgenic plants was approximately 13%, as revealed by genomic Southern analysis. Some transgenic plants were produced in as little as 5 months after co-cultivation. This system may help to facilitate studies of gene functions in tree growth and development at a genome level.
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Forest trees are a major renewable resource that has long furnished society's needs for materials and energy. Trees also provide environmental benefits, such as carbon sequestration (Oren et al. 2001, Schlesinger and Lichter 2001) . Wood in forest trees is now a major targeted lignocellulosic for fuel ethanol (Herrera 2006 , Ragauskas et al. 2006 . However, the biology and gene function and regulation in tree growth and wood development are poorly understood. Traditional breeding approaches to understand these biological processes are limited by the long generation times of tree species. Genomic science may help overcome these limitations. Because Populus trichocarpa (genotype Nisqually-1) has been sequenced (http://genome.jgi-psf.org/ Poptr1/Poptr1.home.html), we now have a rich, unique genetic basis to begin genome-wide analysis of genes and gene products in trees. Transgenics are the most practical tool for such functional genomic studies (Bradshaw et al. 2000 , Herrera 2005 , Herrera 2006 ). Thus, application of transgenic and genome sequence technologies using Nisqually-1 as the model will help advance virtually any major biological problem of scientific or economic significance in forest trees. However, genetic transformation of Nisqually-1 has so far only been described in one report, with the highest transformation efficiency of 5.7% (Ma et al. 2004) .
Populus species are normally amenable to genetic transformation, with transformation efficiencies ranging mostly from 2 to 12% (Fillatti et al. 1987 , De Block 1990 , Howe et al. 1994 , Tsai et al. 1994 , Han et al. 1997 , Gallardo et al. 1999 , Hu et al. 1999 , Confalonieri et al. 2000 , Eriksson et al. 2000 , Han et al. 2000 , Delledonne et al. 2001 , Pilate et al. 2002 , Dai et al. 2003 , Sepanen et al. 2004 , Wei et al. 2006 . In contrast, Nisqually-1 is resistant to transformation, as acknowledged by various recent transgenic studies, such as by Bohlenius et al. (2006) . Such recalcitrance of Nisqually-1 has in fact been a persistent impediment to a full utilization of a unique genomic resource. Based on knowledge of transforming Populus species as well as some recalcitrant tree species (Ho et al. 1998 , Chen et al. 2006 , we derived and report here a simple, efficient Agrobacterium-mediated transformation system for Nisqually-1.
Nisqually-1 plants were propagated through rooted stem cuttings, and the growth of these propagules in a greenhouse during the first 6 months is shown in Fig. 1 . Using the explants derived from these propagules, we first tested the in vitro regenerability of Nisqually-1 through organogenesis. The explants included segments from the first to the 10th stem internodes, the third and fourth leaves and the midribs from these leaves. Murashige and Skoog medium (MS) (Murashige and Skoog 1962) supplemented with six different combinations of kinetin (0.1-0.5 mg l À1 ) and 2,4-D (0-1 mg l À1 ) and MS with 0.01-0.25 mg l À1 thidiazuron (TDZ) were tested for callus induction and shoot regeneration/elongation, respectively. With 0.5 mg l À1 kinetin and 0.05 mg l À1 2,4-D, nearly 100% callus induction efficiency could be achieved for all three types of explants, while optimal shoot induction efficiency of 82 and 55% could be accomplished for stem and midrib explants on MS medium with 0.01 mg l À1 TDZ, respectively. However, no shoots could be induced from calli derived from the leaf explants. We also tried 25 different combinations of 6-benzyladenine (6-BA) (0-2.0 mg l À1 ) and 2,4-D (0-5 mg l
À1
) in MS for callus induction and 12 different combinations of 6-BA (0.25-2.0 mg l À1 ) and 1-naphthylacetic acid (NAA) (0-0.1 mg l À1 ) in MS for shoot regeneration. The combination of 0.01 mg l À1 6-BA and 0.35 mg l À1 2,4-D afforded 100% callus induction from all three explant types. Approximately 67% of the stem-derived calli could be induced to produce shoots, and a shoot induction efficiency of $13% was achieved for leaf-derived calli on MS supplemented with 1.0 mg l À1 6-BA. However, no shoots could be induced from calli derived from the midrib explants. The regenerated shoots from the effective culture systems could all be rooted with nearly 100% efficiency in half-strength MS. Thus, stem internodes are the more appropriate explants. In particular, we found that segments of the fifth to the eighth stem internodes from vigorously growing, healthy plants are most amenable to whole plant regeneration, which can be efficiently achieved in two medium systems. System A consists of callus induction medium (CIM) of MS supplemented with 0.5 mg l À1 kinetin and 0.05 mg l À1 2,4-D, and shoot induction medium (SIM) of MS with 0.01 mg l À1 TDZ. System B includes CIM of MS with 0.01 mg l À1 6-BA and 0.35 mg l À1 2,4-D, and SIM of MS with 1.0 mg l À1 6-BA. We then adopted the CIM medium of system A to test the Agrobacterium-mediated genetic transformation of Nisqually-1. The same explant types as described above were tested. In addition, leaves and stem segments from in vitro whole plants were also examined. Explants were inoculated with Agrobacterium tumefaciens C58 harboring the binary vector pBI121 and co-cultivated in the dark on the CIM1 containing MS with 10% coconut water and system A hormones. Coconut water was found necessary for improving the growth of Agrobacterium during co-cultivation, but was removed from the subsequent selection medium, in which Agrobacterium must be eliminated. Thus, after co-cultivation, explants were cultivated in the dark on CIM2, which is CIM1 without coconut water but with 50 mg l À1 kanamycin and 500 mg l À1 cefotaxime. After several subcultures in CIM2, $50% of the stem segments from greenhouse plants died, but 46% of the surviving segments produced putative transgenic calli. Leaf midribs had a higher survival rate of $80%, but only 10% of the surviving explants produced calli. However, none of the leaf pieces could produce calli. Similarly, no calli could be produced from leaf and stem segments derived from the in vitro plants.
We next repeated the transformation experiments using the CIM medium of system B. Again, $50% of the stem segments from greenhouse plants did not survive, and only $20% of the surviving segments produced calli. The results from midribs and leaves of greenhouse plants and in vitro leaf and stem segments were similar to those observed in system A media above. We then focused on stem explants from greenhouse plants and on CIM1 and CIM2 for further studies.
We tested whether pre-culturing the stem segments would increase their survival rate after Agrobacterium and antibiotic treatments and therefore increase the efficiency of transgenic callus induction. When segments from the fifth to the eighth stem internodes were pre-cultured in CIM1 for 1-2 d followed by co-cultivation in CIM1 and cultivation in CIM2, up to 80% of the segments could survive. However, only 3% of the surviving segments formed calli, negating the necessity for pre-culture. We then tested the effect of the plant age on the survival rate. Segments from the fifth to the eighth stem internodes of 3-to 7-month-old plants were transformed with Agrobacterium as described above but without pre-culture. Segments from plants younger than 5 months or older than 6 months could not produce calli and eventually died. As many as 70% of the segments from 5-to 6-month-old plants survived and, on average, $50% of the surviving segments produced calli. One or more calli could be produced from individual segments ( Fig. 2A, B) . Positive histochemical b-glucuronidase (GUS) staining of at least one callus from each of the calli-producing stem segments verified that all these explants produced transgenic calli (Fig. 3A, B) . Control, non-transformed calli were GUS negative (Fig. 3G) . Thus, explant pre-culturing is not necessary and the age of the plant from which stem segments originate is critical to the induction of transgenic callus.
Using this system, we produced transgenic calli from stem segments for shoot regeneration tests. We tried 13 different SIM systems in the presence of kanamycin and cefotaxime and tested $20 transgenic calli-bearing stem segments for each SIM system. Our basic SIM in systems A and B used for regenerating non-transgenic shoots could not induce any shoots from the transgenic calli, which eventually died after 4 months. Reducing MS to halfstrength gave the same results. Woody plant medium (WPM) (McCown and Lloyd 1981) supplemented with different concentrations of zeatin (1.0 and 2.0 mg l À1 ), which are capable of shoot induction from calli for hybrid Populus species (Dai et al. 2003) , also failed. Systems incorporating a decreasing TDZ concentration gradient (from 0.25 or 0.132 to 0.002 mg l À1 ) were also unsuccessful. We also adopted the exact protocol developed by Ma et al. (2004) for shoot induction for Nisqually-1. In addition, the shoot induction system established by Han et al. (2000) for P. trichocarpa Â deltoides was followed. Again, none of these systems could induce shoot formation for Nisqually-1. When an additional step (WPM þ 2.0 mg l À1 zeatin) was adopted following a TDZ concentration gradient system (from 0.25 to 0.002 mg l À1 ), we obtained putative transgenic shoots with, however, a low efficiency (5%, or one out of the 20 stem segments produced shoots). However, if the (WPM þ 2.0 mg l À1 zeatin) step, designated as SIM3, was added after another TDZ gradient system (SIM1: 1/2 MS þ 0.132 mg l À1 TDZ, 20 d, then SIM2: 1/2 MS þ 0.002 mg l À1 TDZ, 40 d), 45% of the transgenic callicontaining segments produced shoots. Even if this SIM3 was added to the systems developed by Ma et al. (2004) or by Han et al. (2000) , we could regenerate shoots with $20 and 9% efficiency, respectively. However, as described above, when the explants with transgenic calli were directly transferred from the CIM onto SIM3, no shoots could be regenerated. Thus, SIM3 appears to be highly effective for shoot regeneration and elongation only when used together with a 'pre-induction' system.
Our studies provided several effective systems for regenerating shoots from transgenic calli induced from stem segments, with the one incorporating SIM1, SIM2 (Fig. 2C, D) and SIM3 (Fig. 2E-G) being the most efficient. In this system, all shoots regenerated were transgenic, as validated by the positive GUS staining of the representative shoots (Fig. 3C ) from each stem segment. Non-transformed shoots were GUS negative (Fig. 3H ). Single to multiple transgenic shoots could be regenerated from a single callus clump or from independent callus clumps on the same stem explant (Fig. 2E-G) . It should be stressed that transgenic calli, such as shown in Fig. 2D , must not be excised from the stem segment for shoot induction. The excised calli could not proliferate and would eventually die. However, some calli would separate themselves from stem segments and would still generate shoots (Fig. 2E ).
For whole plant regeneration, transgenic shoots were excised from transgenic calli and cultured in rooting medium (RM) [1/2 MS þ 0.1 mg l À1 indole-3-butyric acid (IBA) þ 50 mgl À1 cefotaxime]. Rooting efficiency was close to 100% (Fig. 2H) . The putative transgenic plants could be easily propagated through their stem segments on 1/2 MS or WPM (Fig. 2I) . GUS staining in leaves (Fig. 3D) , stems ( Fig. 3E) and roots (Fig. 3F ) verified positive genetic transformation and transgene expression at the whole plant level. Non-transformed plants gave no GUS staining (Fig. 3I, J) . A few transgenic plants were randomly selected for PCR validation of transgene integration. Each of the selected plants was derived from an independent stem segment. Two PCR bands were observed for all the tested transgenics, with sizes corresponding to the expected neomycin phosphotransferase II gene (nptII) (0.8 kb) and GUS gene (uidA; 0.6 kb) transgene fragments, which were absent from the non-transformed plants (Fig. 4A) . Genomic DNA analysis revealed that each of the tested transgenic plant represents an independent transgene insertion event (Fig. 4B) . These transgenics are being maintained in a greenhouse (Fig. 2J) .
Based on the established systems, we conducted41,500 transformation experiments to investigate key factors that would affect the transformation efficiency for Nisqually-1 (Table 1) . The foremost important factor, we believe, is the explants and the growth state of the plants from which the explants were derived. Our repeated experiments confirmed that, among the explants tested, the fifth to the eighth stem internodes of 5-to 6-month-old (100-180 cm in height) (Fig. 1A) , vigorously growing plants (Fig. 1B, C) are by far the most suitable materials for genetic transformation. Overall, calli can be efficiently induced from these and other tested explants on the many culture systems examined, but transgenic shoots can only be induced from calli derived from the stem internodes (Table 1) . Three consecutive steps, SIM1 þ SIM2 þ SIM3, are necessary for shoot regeneration, which, nevertheless, represents a key obstacle to the production of transgenic plants. Shoot regeneration depends not only on the explant type but also on the CIM, and thus on how transgenic calli were developed. Stem explants and MS supplemented with kinetin and 2,4-D are the best combination for inducing calli that are amenable to shoot regeneration (Table 1 , Experiment 1). Replacing kinetin in this system with 6-BA drastically reduces the callus induction efficiency and abolishes the calli's shoot regeneration potential (Experiment 4). Changing the basal medium for CIM also produces the same adverse effect (Experiment 10 vs. Experiment 1). Pre-culturing of explants greatly reduces the callus induction rate and deters calli from regenerating shoots (Experiment 7 vs. Experiment 1, Experiment 8 vs. Experiment 4 and Experiment 9 vs. Experiment 10). Using the stem internodes specified above and under the optimized transformation and culturing systems, on average, $13% transformation efficiency can be achieved (Table 1) . This efficiency is defined as the percentage of the explants that survived co-cultivation/ selection and produced transgenic shoots. It is also based on the assumption that all transgenic calli and shoots regenerated from one stem segment represent one identical transgenic line, even though they may be independent lines. Indeed, we have identified independent transgenic shoots that originated from independent transgenic calli on the same stem explant. Therefore, 13% represents only the minimum number of independent transgenic lines that could be produced from a set of explants using the system reported here. To summarize, Fig. 5 illustrates the process stepwise and Table 2 shows the media for producing transgenic Nisqually-1 using stem internodes as the explants.
The entire process from co-cultivation to whole plant regeneration takes $5-8 months (Fig. 5) . This time frame and transformation efficiency are superior to those for many other tree species. More importantly, the availability of a genetic transformation and the genome sequence for Nisqually-1 now provides a dependable system for initiating studies to learn about the regulation and (B) Genomic Southern analysis of five transgenic plants. Genomic DNA (10 mg in each lane) was digested with EcoRI, separated on a 0.8% agarose gel and transferred to a nylon membrane (Amersham, Piscataway, NJ, USA). The membrane was probed with the 32 P-labeled full uidA coding sequence at 428C, washed and autoradiographed according to Ho et al. (1998) . Lanes 1-5, transgenic plants; lane 6, a non-transgenic plant. Each transgenic plant tested originated from a distinct stem segment. The distinct Southern hybridization patterns confirm that these transgenic plants represent independent transformation events.
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Materials and Methods
Stem cuttings ($10 cm) from Nisqually-1 plants ($180 cm) were rooted in 1/4 Miracle-Gro Õ soil (Scotts Miracle-Gro Products, Marysville, OH, USA) þ 3/4 Metro-Mix 200 (Sun Gro, Bellevue, WA, USA) in 16 cm pots and watered thoroughly, and maintained in a greenhouse (17-268C, 16 h light/8 h dark cycle with supplemental lighting of $300 mE m À2 s
À1
). About 10 plants were randomly selected for growth studies (Fig. 1A) . When plants reached about 50 cm, they were transplanted into 28 cm pots. Plants were fertilized with 500 ml per pot of 2 g l À1 Miracle-Gro N-P-K (15-30-15) (Scotts Miracle-Gro Products) at the beginning of the fourth month and the fifth month after cuttings were placed into soil, and then every 10 d.
The binary vector, pBI121, which contains a GUS-encoding uidA under the control of the cauliflower mosaic virus 35S promoter and a selection marker, the nptII gene, was introduced into A. tumefaciens strain C58 by the freeze-thaw method (Holsters et al. 1978) . The growth of pBI121-containing Agrobacterium culture was carried out according to Ho et al. (1998) .
The most effective transformation system using internodal stem segments as the explants (Fig. 5 and Table 2 ) is descried below. All media described in Table 2 were also supplemented with 100 mg l À1 myo-inositol, 30 g l À1 sucrose (except for rooting media which had a reduced sucrose concentration, 20 g l À1 ) and 6.5 g l À1 agar at pH 5.7. The stem fragment of the fifth to the eighth internodes harvested from a healthy, 5-to 6-month-old greenhouse-grown Nisqually-1 was sterilized in 10% Clorox solution (Clorox, Oakland, CA, USA) for 20 min and rinsed three times in sterilized distilled water for 3 min each. Stem segments ($0.4 cm in length) were excised using a double-edged razor blade and inoculated by swirling in the Agrobacterium culture for 5 min. The inoculated segments were placed horizontally and co-cultivated on CIM1 (Table 2) at 258C in the dark for 2 d. The co-cultivated segments were washed four times in sterilized distilled water for 2 min each, briefly blotted dry on a sterilized filter paper, and cultured on CIM2 at 258C in the dark for 5 d. The explants were transferred onto fresh CIM2 and cultivated at 258C in the dark for another 5 d, followed by subculturing on fresh CIM2 every 14 d until the transgenic calli were formed. This usually takes about 30-45 d after co-cultivation. Explants with white and hard calli ( Fig. 2A, B) were then cultivated at 258C under a 16 h light ($140 mE m À2 s
)/8 h dark cycle on SIM1 for 20 d then on SIM2 for 40 d with subculturing every other 20 d for the formation of green calli (Fig. 2C, D) . After the SIM2, callicontaining segments were then transferred on to SIM3 for 1-4 months with subculturing every other 20 d. Transgenic shoots ($1 cm in length) were excised from the explants and rooted on the RM at 258C under a 16 h light ($140 mE m À2 s
)/8 h dark cycle for 30 d. Transgenic plants with well developed root systems (Fig. 2H, I ) were obtained usually after 30 d culturing on the RM, and could be transplanted into soil and maintained in a greenhouse (Fig. 2J) .
Histochemical GUS staining and genomic Southern analyses were conducted as described (Ho et al. 1998) . PCR amplification using nptII-and uidA gene-specific primers was carried out as described (Chen et al. 2006) . The nptII primer set consisted of: forward primer, 5 0 -GAACAAGATGGATTGCACGC-3 0 and reverse primer, 5 0 -GAAGAACTCGTCAAGAAGGC-3 0 for a 0.8 kb fragment. The uidA primer set consisted of: forward Number of explants producing a transgenic callus/number of Agrobacterium-infected and surviving explants. e Number of explants producing a transgenic shoot/number of Agrobacterium-infected and surviving explants.
Populus trichocarpa transformationprimer, 5
0 -TGAACAACGAACTGAACTGG-3 0 and reverse primer, 5 0 -CGTAAGGGTAATGCGAGGTA-3 0 for a 0.6 kb fragment. The plasmid DNA, pBI121, was used as a control. Fig. 5 Stepwise protocol for transforming Nisqually-1 using internodal stem segments as the explants. CIM, SIM and RM compositions are listed in Table 2 . 
